Starch is the major component of rice seeds, and the quality of rice is infl uenced by the properties of endosperm starch.
Amylose is synthesized by ADP-glucose pyrophosphorylase (AGPase) and granule-bound starch synthase I, (GBSSI). ADP-glucose pyrophosphorylase catalyzes the reaction of glucose-1-phosphate with ATP to form ADP-glucose. The ADP-glucose then serves as a substrate for GBSSI to produce amylose. GBSSI is encoded by the Wx gene, which was mapped to chromosome 6.
3 Villareal et al. 5) reported that amylose content is usually higher in starch of indica rice than in that of japonica rice. On the other hand, amylopectin is synthesized by concerted reactions catalyzed by four classes of enzymes; AGPase, a soluble starch synthase (SS), starch branching enzyme (BE) and starch debranching enzyme (DBE). Each class has multiple isozymes, some of which form subunits.
6 8) The mechanism of the synthesis of the cluster structure of amylopectin is not yet fully understood, although several models have been proposed. 8 11) All of these models show that the ratio of SS and BE activities is important to make up the normal tandem cluster of amylopectin.
12)
Many factors infl uence the eating quality of rice, but physicochemical properties such as the hardness and stickiness of cooked rice, and the gelatinization temperature of rice starch, determine about 70% of the total evaluation of the eating quality of cooked rice.
13) Japanese people usually eat japonica rice, which is softer and stickier than indica rice. The amylose content of the starch in rice endosperm is known to infl uence the texture of cooked rice, but recent studies suggest that the physical properties of cooked rice are also greatly infl uenced by the structure of amylopectin, which occupies up to about 70% of storage starch. The amylose-like super-long chains (SLC) in the amylopectin of non-waxy rice starch 14) are positively correlated with hardness and negatively correlated with stickiness. 15, 16) Takahashi et al. 17) reported that the fraction of long chains of amylopectin (Fr. 2) and the average chain-length of amylopectin contribute to the physical properties of cooked rice. The chain-length distribution of amylopectin also infl uences the retrogradation of cooked rice and the hardening property of rice cake. 18) Umemoto et al. 19, 20) reported that the ratio of short chains of degree of DP ≤ 11 to medium chains of 12 ≤ DP ≤ 24 in chain-length distribution of japonica amylopectin is higher than that in indica amylopectin. This fi nding indicates that the amylopectin chain length of many japonica varieties is shorter than that of indica varieties. Gene mapping analysis has strongly suggested that the SSIIa gene is responsible for the structural difference between these two types of amylopectin, 21) and that the capacity of SSIIa for elongation of A (plus B1) chains is defective in japonica varieties.
22)
The difference in A chain length also accounts for the difference in physical properties between japonica and indica rice.
Asian cultivated rice has been clearly divided into S-type and L-type amylopectin based on the amylopectin chain ratio (ACR ; ratio of the short chains of DP ≤ 10 to the short and intermediate chains of DP ≤ 24). ) have so far been judged to have an intermediate amylopectin structure (i.e., between that of L-and S-type) called M-type amylopectin. These varieties were also intermediate between L-and S-type in terms of some of their physical properties such as gelatinization temperature, although no such relationship was observed for amylose content.
23,24) Okamoto et al. 25) selected four cultivars (Chikanarijyun1, Kairyo13, Mogamichikanari1 and Hokkaiakage) with M-type amylopectin from 174 local Japanese non-waxy upland rice cultivars based on the alkali spreading score and gelatinization temperature of the rice fl our of the cultivars. Upland rice was grown on dry soil, which was minority rice, because the cultivation area was only 3,000 ha (0.2% of the total area of rice cultivation) in Japan in 2009, but it had wide genetic diversity for starch properties. They reported that cultivars of M-type amylopectin are rare compared with L-and S-type, and that there have been few studies of the properties of the starch and the physical properties of the cooked rice of such cultivars. The aim of the present study was, therefore, to determine the starch properties and physical properties of the cooked rice of these four upland rice cultivars containing M-type amylopectin; two paddy rice cultivars, Kasalath (L-type) and Nipponbare (S-type), served as standards. Amylopectin chain ratio (ACR). Polished rice fl our was added to 0.2% SDS/50 mM Tris-HCl (pH 7.4) and shaken for 1 h. The starch fraction was precipitated by centrifugation (3,000 G, 20 C, 10 min). This extraction was repeated once more, then the pellet was washed with water seven times and passed through a 100-mesh sieve. Starch was dried in a vacuum after two further washes with methanol and acetone. After the purifi ed starch was gelatinized, the amylopectin side chains were debranched with crystalline Pseudomonas isoamylase (Hayashibara Biochemical Lab., Inc., Okayama, Japan), and the chain-length distribution was analyzed by means of capillary electrophoresis (P/ACE MDQ; Beckman Coulter Inc., Brea, USA). The amylopectin chain ratio (ACR: DP ≤ 10/DP ≤ 24) on the basis of relative peak area was calculated by using the method of Nakamura et al.
MATERIALS AND METHODS
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23)
Urea-disintegrating test. The urea-disintegrating test was performed as reported by Okamoto et al. 25) Seeds were hulled and halved vertically by using a utility knife. The halves without the embryo were used to examine disintegration in urea solution. Six halved-grains for each cultivar were put into the wells of a 96-well plate. Disintegration of the grains was detected by leaving them in 200 μL/well of 5 M urea solution for 48 h at room temperature. The extent of disintegration was scored on a scale from 0 (not dissolved) to 8 (completely dissolved).
30)
Measurement of iodine absorption spectra. Iodine absorption spectra of rice starches and amylopectins were measured by using a spectrophotometer (U-3210; Hitachi Ltd., Tokyo, Japan) as reported previously.
31)
Debranching of starch and amylopectin with isoamylase and fractionation of debranched materials by means of gel permeation chromatography (GPC). Starches and amylopectins were debranched with crystalline Pseudomonas isoamylase by using the method of Ikawa et al. 32) Debranched materials were fractionated by use of gel fi ltration on a column (300 20 mm) of TOYOPEARL HW55S (Tosoh Co., Tokyo, Japan) connected in series to three columns (300 20 mm) of TOYOPEARL HW50S. 31) Each fraction (Fr. 1, 2 and 3) was divided at the bottom between the two vertices of each elution curve of the isoamylasedebranched starches and amylopectins. RVA viscograms. The viscosity of a 10% aqueous suspension of starch was measured by using a Rapid Visco Analyser (RVA) (Model RVA-3D; Newport Scientifi c, Co., Ltd., Tokyo, Japan). The temperature conditions were as follows: maintain at 30 C for 1 min, heat from 30 to 95 C at 5 C/min, maintain at 95 C for 6 min (holding time), cool from 95 to 50 C at 5 C/min and then maintain at 50 C for 10 min (holding time). The temperature at initial viscosity rising (Tv), peak top viscosity (PV), breakdown (BD) and setback (SB) for each starch sample was obtained from the viscogram.
33, 34) Tv was measured as the temperature when the viscosity exceeded the calculated viscosity [base viscosity + 1/20 (peak top viscosity base viscosity)], the peak viscosity was defi ned as the maximum value during the heating time from 30 to 95 C, the breakdown was measured as the viscosity of PV the minimum viscosity (MV) [(the minimum value during the holding time at 95 C or the cooling time from 95 to 50 C)], the setback was measured as the viscosity of the fi nal peak viscosity (FV) [(the maximum viscosity during the cooling time from 95 to 50 C or the holding time at 50 C)] MV. Thermal analysis of starch. Four to Five millgrams of starch was weighted in a DSC aluminum pan. Distilled water was added into the pan by a microsyringe in a ratio of 1 : 2.5 (w/w) = dry starch : water, and the pan was hermetically sealed immediately to prevent moisture loss. The thermograms of the starch granules were recorded on a differential scanning calorimeter (DSC8240D; Rigaku Co., Tokyo, Japan) with distilled water as the reference. Gelatinization enthalpy ( H) of starch was obtained from the area of endothermic peak surrounded by the baseline. The onset temperature (To), the peak temperature (Tp) and the conclusion temperature (Tc) were determined as shown in thermograms of starch samples. Measurement of the physical properties and preparation of rice fl ours of freshly cooked and stale rice. Physical properties, hardness and stickiness, of the freshly cooked rice and the stale rice stored at 5 C for 24 h have been demonstrated by using a katasa-nebari-kei (katasa-nebarikei RHS1A; Satake Co., Ltd., Hiroshima, Japan). 30) After the measurement, 10 g of freshly cooked or stale rice were mashed with ethanol by using a pestle and mortar. The homogenate was centrifuged at 1,870 G for 10 min. The precipitate was then added to 20 mL of acetone and shaken. The suspension was centrifuged again at 1,870 G for 10 min. This manipulation was repeated three more times with acetone and once with diethyl ether. Freshly cooked and stale rice fl ours were dried in a fume hood overnight. These fl ours were used in the next experiment of X-ray diffractometry. X-ray Diffractometry (XRD). XRD analyses of starches, rice fl our of freshly cooked rice and rice fl our of stale rice were performed by using a nickel-fi ltered Cu Kα radiation source (RINT-2100; Rigaku Co., Tokyo, Japan) generated at 35 kV and 12.5 mA. The samples were scanned at room temperature through a 2θ range of 2 30 at a scanning rate of 1 /min. The intensity distribution curves were measured using a goniometer.
35)
RESULTS AND DISCUSSION
Amylopectin fi ne structure.
The side-chain length of amylopectin affects the gelatinization of rice starch granules in both urea solution and alkali solution.
36) Starch granules containing amylopectin rich in shorter chains are more easily gelatinized in alkali or urea solution than are starch granules that contain amylopectin that is rich in longer chains. 25,37) Okamoto et al. 25) selected four cultivars with M-type amylopectin (Chikanarijyun1, Kairyo13, Mogamichikanari1 and Hokkaiakage) from 174 Japanese cultivars of non-waxy upland rice by scoring the disintegration of starch granules in 1.7% KOH solution (i.e., using the alkali disintegration score as a selection criterion). Here, we assessed differences in amylopectin fi ne structure from the disintegration score of rice grains of the above four cultivars and Kasalath and Nipponbare by using urea solution.
37) Figure 1 shows the changes in the average disintegration scores of halved rice grains, which were grown in 2005, in 5 M urea solution. The degree of disintegration of all samples was saturated at 20 24 h, although there were differences in the scores. Nipponbare showed the highest disintegration score with all grains clearly disintegrated at 20 h after soaking in urea solution. Kasalath showed the lowest disintegration score; its grains were barely degradated at 48 h. The cultivars with M-type amylopectin, Chikanarijyun1, Kairyo13, Mogamichikanari1 and Hokkaiakage, showed intermediate degrees of disintegration between that of Nipponbare and that of Kasalath.
The chain-length distribution of amylopectin was analyzed by using capillary electrophoresis after debranching the purifi ed starch from polished rice fl our with isoamylase. The ratio of short chains (DP ≤ 10) to short and intermediate chains (DP ≤ 24) of amylopectin was defi ned as the ACR by Nakamura et al., 23) who also classifi ed Asian rice cultivars into L-, M-and S-type amylopectin based on this value. Table 1 These results suggest that Nipponbare amylopectin is rich in shorter chains relative to Kasalath amylopectin and that the abundance of short chains in cultivars with M-type amylopectin is intermediate between those of Nipponbare and Kasalath. It may be that the urea-disintegrating test will be useful for the easy way of selective examination of M-type amylopectin, because there was a good relationship between the urea-disintegrating test and ACR in this study.
Iodine absorption spectra and chain-length distribution of rice starch and purifi ed amylopectin. Table 1 also shows the blue value (B.V.) and wavelength of maximum absorption (λmax) for iodine complexes of starches prepared by using the cold alkali method, 26, 27) and for purifi ed amylopectin. Although the λmax for the iodine complex of Kairyo13 starch was slightly lower than that for Nipponbare, B.V. and λmax tended to be in the order Kasalath > M-type amylopectin > Nipponbare. The B.V. and λmax of the iodine complexes of purifi ed amylopectin were also in the order Kasalath > M-type amylopectin > Nipponbare. Table 2 shows the results of gel permeation chromatography of isoamylase-debranched rice starches. The Fr. 1 of elution pattern corresponds to the apparent amylose contents (AAM; total contents of real amylose (RAM) and super-long chains (SLC)) as reported by Horibata et al., 38) and it ranged from 20.6 to 27.7%. There were positive correlations between the AAM contents and the characteristic values of the iodine complexes of the starches (Table 1 ). The λmax for the iodine absorption spectrum of Kairyo13 starch was slightly lower than that of Nipponbare starch, because the AAM content of Kairyo13 was slightly lower than that of Nipponbare. These results also indicated that there were no relationship between the AAM contents and ACR. The RAM contents of Kasalath and Nipponbare were identical, although their AAM contents were 27.7 and 21.0%, respectively. The RAM contents of M-type amylopectin except Kairyo13 ranged from 21.0 to 23.1%, therefore the RAM content of Kasalath was higher than M-type amylopectin except Kairyo13. The sample with the lowest contents was Kairyo13 whose value was signifi cantly lower than Nipponbare. These results indicated that there was no relationship between ACR and RAM. The SLC contents were in the order Kasalath > M-type amylopectin > Nipponbare, and there were highly positive correlations between the SLC contents and B.V. and λmax of purifi ed amylopectin (r = 0.992 and 0.993, respectively).
Characteristics of RVA viscograms of starches.
The pasting characteristics of rice starches as measured by using RVA are shown in Table 3 . The temperature at initial viscosity rising (Tv) of rice starches with M-and L-type amylopectin was higher than that of Nipponbare starch. Although Nakaura et al. 30) reported that there was a positive relationship between the Tv and the apparent amylose contents in 86 rice samples cultivated in Japan (r = 0.735), there was no relationship between these two values in this study. The peak viscosity of M-type amylopectin were higher than L-and S-type amylopectin. Horibata et al. 38) reported that there was a negative relationship between peak viscosity and AAM contents in 19 paddy rice samples cultivated in Japan (r = 0.88). Inouchi et al. 39) also reported that there was a negative relationship between peak viscosity and RAM contents in 27 starches from cultivated paddy rice of Asia and other countries (r = 0.74), however, such a relationship was not observed in this study. These may be because Japanese upland rice has wide genetic diversity for starch properties compared with paddy rice. In this study, highly negative relationships were, found between the breakdown related to eating quality and the AAM contents (r = 0.978). The setback which is a parameter for retrogra- 4 Fractions were determined based on the peak in each elution curve. 2 Absorbance at 680 nm of spectra of iodine-starch complexes.
3 Maximum absorption wavelength of spectra of iodine-starch complexes.
dation was in the order Kasalath > M-type amylopectin > Nipponbare. Inouchi et al. 39) reported that there was a highly positive relationship between the setback, which is a parameter for retrogradation, and the SLC content in 27 starches from cultivated rice of Asia and other countries (r = 0.90). There was a difference between Hokkaiakage of the highest setback value and Kairyo13 of the lowest setback value in M-type amylopectin, although the rice cultivars with M-type amylopectin has similar SLC contents. It may be that the RAM contents effect to the setback when there were no different in the SLC contents and ACR of starches of rice cultivars.
Thermal properties of starches.
DSC thermograms of starches are shown in Fig. 2 , and the characteristic values of gelatinization are shown in Table 4 . The onset and peak temperature (To and Tp, respectively) of gelatinization of starch with L-and M-type amylopectins were similar, and these values were markedly higher than that of Nipponbare. Although these gelatinization temperature mainly appear to be dependent on the chain-length distribution of amylopectin, 23,39 41) these tendencies weren t obsereved in the present study. Not only To and Tp but also the Tv measured by RVA of these upland rice with M-type amylopectin were higher than or equal to these paddy rice containing S-and L-type amylopectin. The reason is not clear, but it may be because Japanese upland rice were not susceptible to the chain-length distribution of amylopectin and the AAM content which generally affects starch gelatinization in comparison with paddy rice. The DSC thermogram of Kasalath was sharp and the gelatinization temperature range was narrow, therefore the conclusion temperature of gelatinization of Kasalath was lower than that for M-type amylopectin. It is thought that H is the heat of fusion of the crystal lamella of amylopectin.
42) The H of Kasalath and Nipponbare were higher than or equal to that of M-type amylopectin. Although the upland rice starch with M-type amylopectin had high gelatinization temperature, it may be that the crystal lamella of M-type amylopectin has structure which was easy to fuse. However, the strict interpretation for H values by the structural characteristics appears to be diffi cult.
Physical properties of cooked rice and characteristics of starch retrogradation.
To reveal the physical properties of cooked rice, the hardness and stickiness of freshly cooked and stale rice were measured by using a katasa-nebari-kei. The freshly cooked rice was stored at room temperature for 2 h, and the staled cooked rice was stored at 5 C for 24 h after the rice were cooked. Table 5 shows the characteristic values of the katasanebari-kei. The hardness of freshly and stale cooked rice was in the order Kasalath > M-type amylopectin > Nipponbare. The stickiness of freshly cooked rice was in the order Nipponbare > Kairyo13 > M-type amylopectin, except Kairyo13 > Kasalath, and that of stale cooked rice was in the order Nipponbare > M-type amylopectin ≥ Kasalath. Although the AAM content of Kairyo13 was slightly lower than that of Nipponbare, the hardness and the stickiness of freshly cooked and stale rice of Kairyo13 appeared to be higher and lower than that of Nipponbare, respectively. This may because that the ACR of Kairyo13 was lower than that of Nipponbare. The stickiness of freshly cooked rice of Kairyo13 was the highest of the M-type amylopectin cultivars, because it had the lowest AAM content among cultivars with M-type amylopectin. There have been many reports describing the relationships between the properties of starch and the physical properties of cooked rice. 2, 16, 17, 25, 30, 39) In our study, there were highly positive relationships between the hardness of freshly cooked and stale rice and the characteristic values of iodine starch absorption spectra 2) (B.V.: r = 0.855, 0.935; λmax: r = 0.844, 0.903), the characteristic values of iodine absorption spectra of purifi ed amylopectin (B.V.: r = 0.919, 0.949; λmax: r = 0.885, 0.952), the AAM contents 2,17,30) (r = 0.858, 0.873), the SLC contents 16) (r = 0.899, 0.948) and the setback 30,39) (r = 0.867, 0.766). We also found highly negative relationships between the hardness of freshly cooked and stale rice and ACR 25) (r = 0.950, 0.952), Fr. 2 17) (r = 0.916, 0.855) and the breakdown (r = 0.786, 0.838). There were also highly positive relationships between the stickiness of freshly cooked and stale rice and ACR (r = 0.742, 0.813), and Fr. 2 (r = 0.960, 0.683), 17) and highly negative relationships between the stickiness of freshly cooked and stale rice and the Tv 2) (r = 0.738, 0.990), and the setback (r = 0.979, 0.846). 39) Although there was a more negative relationship between the stickiness of freshly cooked rice and the AAM contents (r = 0.861), there was no relationship between the stickiness of stale rice and the AAM contents (r = 0.488). These results indicated that the stickiness of freshly cooked rice was infl uenced by the AAM contents more than that of stale rice. Figure 3 shows the XRD analysis results for rice starches and rice fl our of freshly cooked and stale rice which were prepared after the measurement of katasa-nebari-kei. Rice starch generally possesses an A-type X-ray pattern, and all of our starch samples showed such an A-type pattern ( Fig.  3-(1) ). Figure 3-(2) shows the XRD analysis results for freshly cooked rice fl our samples. All of the main diffraction peaks disappeared and broad diffraction patterns (V-type pattern) were observed. It is possible that the freshly cooked rice fl our of Nipponbare was more gelatinized than that of the other samples, because the X-ray patterns of starches with L-and M-type amylopectin slightly indicated crystalline peaks, which were barely observed with Nipponbare. The X-ray patterns of the stale rice fl our samples indicated that all of the samples regained their crystalline peaks, and the pattern changed to a weak B-type pattern with peaks at 5.5 , 17.0 , 19.5 in 2θ (Fig. 3-(3) ). Hibi et al. 43) have presented similar changes in the X-ray diffraction pattern during the storage of cooked normal rices. The retrogradation of starches with L-and M-type amylopectin occurred sooner than that of Nipponbare starch, because the restoration of the crystalline peaks was faster with L-and M-type amylopectin than with Nipponbare. 
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